The V-grooved single-mode fiber in which a surface part of the core was removed was investigated as a quasi-distributed water detection sensor. In the normal state, the V-grooved region is filled and covered with a specific RI (Refractive Index)-matched medium, and the sensor experiences minimal optical loss. As water invades the V-grooved region, the material is dissolved and removed, and a considerable optical loss occurs owing to the large RI difference between the fiber core and water. The experimental results showed the feasibility of the device as a sensor element of the quasi-distributed water detection sensor system based on general optical time domain reflectometry (OTDR).
INTRODUCTION
Fiber optic sensors offer many attractive benefits such as small size, low weight, high resolution, and high immunity to electromagnetic waves, as well as ease of multiplexing and distributed sensing. There are various methods to detect the external liquid medium around optical fiber through evanescent wave coupling including the cladding-etched FBG [1] , the tapered optical fiber [2] , the side-polished optical fiber [3] , and the etched optical fiber [4] . The complicated fabrication process and the high cost of those sensors restrict wide use of the quasi-distributed sensor system. Of course, research on the water detection sensor based on the bending loss of optical fiber caused by a swelling material has been reported. However, it needs a long operating time because the swelling process in the water [5, 6] is time consuming, and the structures are bulky.
Recently, the V-grooved fiber as an element of a multipoint sensor system has been reported [7] . The magnitude of the optical loss depends on the depth of the V-groove and the refractive index (RI) of the covering medium. For use of the V-grooved fiber as a quasi-distributed water detection sensor, both a small optical loss in the normal state and a high-contrast optical signal for the water invasion are required. From these points of view, air (no medium)
is an undesirable covering medium of the V-grooved region in the normal state, because the sensor signals acquired using optical time domain reflectometry (OTDR) for the water covering were not clearly distinguished from those for air covering, in spite of the large RI difference between the two materials. Furthermore, under the air covering, the device experiences a high optical loss.
The optical loss of the sensors in the normal state limits the maximum sensing point for the multipoint sensing system based on OTDR. Therefore, we need to employ a covering medium other than water.
In this study, for application as an element of a quasi-distributed water detection sensor system based on OTDR, we have investigated a technology for acquiring a high-contrast signal against the normal state signal when water invades the V-grooved fiber. We found that if the RI of the covering medium on the Vgroove is similar to that of the optical silica fiber core, a negligible optical loss occurs, whereas air or water on the V-groove causes considerable optical loss. Therefore, an RI-matched medium is suitable as the covering medium of the V-grooved region of optical fiber because it causes minimal optical loss. The sensor is designed so that as water invades the V-grooved region, the RI match medium is dissolved.and the covering medium is replaced with water. As a result, the high optical loss can be easily monitored by OTDR.
The fabrication process of the V-groove is very simple, because Department of Electronic Enginnering, Honam University 417, Eodeung-daero, Gwangsan-gu, Gwangju, 506-714, Korea + the V-grooves on a single-mode fiber can be inscribed using a dicing machine for semiconductor wafer cutting. Multiple Vgrooves along a single-mode fiber can be applied for a quasidistributed water detection sensor system based on OTDR.
SENSOR STRUCTURE AND OPERATION PRINCIPLE
The schematic structure of the proposed V-grooved single-mode fiber is shown in Fig. 1 . The side of the fiber was removed, and the edge of the V-groove reached into the core. However, much part of the core remained. In the normal state, the V-grooved region is filled with an RI-matched medium whose refractive index is close to that of the core of the single-mode fiber as shown in Fig. 1 (a). If water invades the V-grooved region, the RImatched medium is solved, and the covering medium is replaced with water as shown in Fig. 1 
(b).
The optical mode of the fiber was strongly dependent both on the groove structure and on the RI of the covering medium [5] .
Using the beam propagation method (BPM), we have investigated the transmission characteristics of the V-grooved single-mode fiber. In the simulation, the optical fiber of the system was used as a single-mode optical fiber for standard optical communication. The core radius, the core RI (n It is very important that the behavior of the V-grooved singlemode fiber is entirely different from that of the evanescent coupling devices, including the tapered single-mode fiber, the side-polished single-mode fiber, and the etched single-mode fiber because those devices have the highest optical loss when the RI of the covering medium is equal to or slightly higher than that of the fiber core [8] [9] [10] . However, the V-grooved single-mode fiber has the minimum optical loss under those conditions.
EXPERIMENT AND ANALYSIS
The covering medium should satisfy three requirements: RI matching with the fiber core material, high solubility in water, and transparency. We found that a kind of glycerin and oil mixture, which is a raw material of transparent soap, is an excellent candidate for the covering medium because it is soluble in water and has high transparency. In addition, its RI, which was measured to be 1.440, was well matched with that of silica fiber.
The medium melted at about 100 o C.
In our experiments, the single-mode fiber (SMF28) was fixed on an Si wafer, and then the V-shaped groove of the fiber was made using a dicing machine (Nachi SMG2020AP) whose blade 
CONCLUSION
We proposed V-grooved single-mode fiber as a quasidistributed water detection sensor based on OTDR. A technology to obtain high-contrast signals for water invasion of the sensors was presented. A water-soluble and RI-matched medium was selected as the covering medium in the normal state. Experimental results showed that the proposed covering medium filled the Vgrooves, was easily solved in water, and the high optical loss was clearly detected by OTDR. We anticipate that the proposed sensor can be easily adopted as a quasi-distributed or multipoint sensor system based on OTDR.
